Background: Prenatal cocaine exposure (PCE) is linked to addiction and obesity vulnerability. Neural responses to stressful and appetitive cues in adolescents with PCE versus those without have been differentially linked to substance-use initiation. However, no prior studies have assessed cue-reactivity responses among PCE adolescents using a connectivity-based approach. Methods: Twenty-two PCE and 22 non-prenatally drug-exposed (NDE) age-, sex-, IQ-and BMI-matched adolescents participated in individualized guided imagery with appetitive (favorite-food), stressful and neutral-relaxing cue scripts during functional magnetic resonance imaging. Subjective favorite-food craving scores were collected before and after script exposure. A data-driven voxel-wise intrinsic connectivity distribution analysis was used to identify between-group differences and examine relationships with craving scores.
A B S T R A C T
Background: Prenatal cocaine exposure (PCE) is linked to addiction and obesity vulnerability. Neural responses to stressful and appetitive cues in adolescents with PCE versus those without have been differentially linked to substance-use initiation. However, no prior studies have assessed cue-reactivity responses among PCE adolescents using a connectivity-based approach. Methods: Twenty-two PCE and 22 non-prenatally drug-exposed (NDE) age-, sex-, IQ-and BMI-matched adolescents participated in individualized guided imagery with appetitive (favorite-food), stressful and neutral-relaxing cue scripts during functional magnetic resonance imaging. Subjective favorite-food craving scores were collected before and after script exposure. A data-driven voxel-wise intrinsic connectivity distribution analysis was used to identify between-group differences and examine relationships with craving scores. Results: A group-by-cue interaction effect identified a parietal lobe cluster where PCE versus NDE adolescents showed less connectivity during stressful and more connectivity during neutral-relaxing conditions. Follow-up seed-based connectivity analyses revealed that, among PCE adolescents, the parietal seed was positively connected to inferior parietal and sensory areas and negatively connected to corticolimbic during both stress and neutral-relaxing conditions. For NDE, greater parietal connectivity to parietal, cingulate and sensory areas and lesser parietal connectivity to medial prefrontal areas were found during stress compared to neutral-relaxing cueing. Craving scores inversely correlated with corticolimbic connectivity in PCE, but not NDE adolescents, during the favorite-food condition. Conclusions: Findings from this first data-driven intrinsic connectivity analysis of PCE influences on adolescent brain function indicate differences relating to PCE status and craving. These findings provide insight into the developmental impact of in utero drug exposure.
Introduction
Adolescents prenatally exposed to cocaine as compared with nondrug exposed adolescents exhibit more behavioral problems including internalizing and externalizing behaviors, motivational control and attention deficits (Ackerman et al., 2010; Bandstra et al., 2004; Buckingham-Howes et al., 2013; Min et al., 2014) . Preclinical and clinical studies have shown that prenatal cocaine exposure (PCE) is also associated with vulnerability to disorders and poor health states including drug addiction (Delaney-Black et al., 2011; Rando et al., 2013) and obesity (Jastreboff et al., 2013; LaGasse et al., 2011) . Adolescents appear especially susceptible to the initiation of substance use and weight-related problems (Delaney-Black et al., 2011; LaGasse et al., 2011; Rando et al., 2013; Richardson et al., 2013) as this time period is http://dx.doi.org/10.1016/j.drugalcdep.2017.07.030 Received 18 January 2017; Received in revised form 7 July 2017; Accepted 11 July 2017 crucial for cognitive, emotional and brain development (Andersen and Teicher, 2008) . However, while PCE effects have been examined in infants and children (Ackerman et al., 2010; Liu and Lester, 2011; Strathearn and Mayes, 2010a) , little is known about how PCE relates to brain correlates of stressful and appetitive processes in adolescents.
Previous preclinical and clinical studies have implicated PCE in impacting corticolimbic brain regions including the anterior cingulate (ACC) (Harvey, 2004) , prefrontal cortex (PFC) (Grewen et al., 2014; McCarthy and Bhide, 2012; McCarthy et al., 2014 ), amygdala (Li et al., 2016 and ventral striatum (Harvey et al., 2001; Wang et al., 2013) . Dysregulation of corticolimbic pathways have been shown in response to reward-related and stressful cues among individuals with obesity and with cocaine addiction (Jasinska et al., 2014; Jastreboff et al., 2013; Potenza et al., 2012) . Thus, alterations in reward-related brain regions (Haber and Knutson, 2009 ) may explain some of the detrimental outcomes related to PCE, including difficulties with motivational control (Chambers et al., 2003) , stress processing (Andersen and Teicher, 2008; Oberlander et al., 2008) , arousal regulation (Mayes, 2002; Mayes et al., 1998) and attention allocation (Ackerman et al., 2010; Berridge and Robinson, 1998; Min et al., 2014) . Here, we used functional magnetic resonance imaging (fMRI) to investigate whole-brain connectivity underlying responses to favorite-food and stressful cues in adolescents with and without PCE.
Using an activation-based approach, we recently demonstrated blunted neural activation within corticolimbic regions among PCE compared to NDE adolescents when exposed to personally relevant appetitive (favorite-food) stimuli (Yip et al., 2014) . However, this prior study used a general-linear-model based approach, one that has limitations (Xu, 2015) , and in the study, we did not examine for functional connectivity relating to PCE. Functional connectivity examines synchrony of regional activations over time, identifying patterns of correlated brain activity (Chen and Glover, 2015; Scheinost et al., 2012) and providing a systems-level assessment of brain functionality. To understand more completely the impact of PCE on brain function during exposure to personally relevant stimuli, it is important to understand how functional connectivity during cue exposure may relate to PCE status, and how these changes relate to subjective measures such as craving. This study therefore uses a data-driven approach to examine functional connectivity in PCE adolescents during stressful, appetitive and neutral-relaxing conditions. Data-driven functional connectivity studies in addiction point towards the involvement of large-scale brain networks including a default mode network (DMN; involving the posterior cingulate (PCC) and medial prefrontal cortices (mPFC)) and salience network (involving the insular and anterior cingulate cortices). Consistent with these findings, data from two recent resting-state studies suggest that PCE adolescents' functional connectivity is altered in the amygdala and DMN, compared to NDE counterparts (Li et al., 2016 (Li et al., , 2011 . However, to our knowledge, no prior studies have assessed functional connectivity amongst PCE adolescents during the processing of appetitive, stressful and neutral-relaxing stimuli.
Here, we employ a recently described data-driven voxel-wise connectivity analysis, intrinsic connectivity distribution (ICD) (Scheinost et al., 2012) , to identify between-group differences and correlations with self-reported food-craving ratings. Unlike some other functional connectivity analytic approaches, ICD is data-driven and does not require the definition of an arbitrary threshold or regions of interest and thus is model-free and unbiased. While ICD does not require hypotheses, given previous findings, we hypothesized that ICD would identify connectivity differences in corticolimbic (Harvey, 2004; McCarthy and Bhide, 2012; McCarthy et al., 2014) and DMN (Li et al., 2013; Li et al., 2011) regions during stressful and appetitive processing between the PCE and NDE groups, as well as reveal less well-characterized regions and networks. We also hypothesized that food-craving scores would be inversely correlated with the degree of connectivity in these regions during the stressful and appetitive conditions.
Material and methods

Participants
Twenty-two PCE adolescents (8 female) and 22 age-, gender-, race/ ethnicity-, BMI-and IQ-matched NDE healthy adolescents (8 female) aged 14-17 years participated in this study (Table 1) . Exclusion criteria included current diagnosis of Axis I neuropsychiatric disorders as determined by the National Institute of Health Diagnostic Interview Schedule for Children (C-DISC-4.0-Y) (Shaffer et al., 2000) . Fifteen PCE and seven NDE adolescents reported use of drugs such as alcohol, cigarettes and cannabis. Groups did not differ in reported substance use (Table 1) . Other exclusion criteria included any contraindication for magnetic resonance imaging.
Adolescents were recruited from a larger pool of PCE and NDE participants that have been followed since birth (Hommer et al., 2013; Jastreboff et al., 2013; Mayes et al., 2005; Rando et al., 2013; Yip et al., 2014) . Cocaine-using mothers were recruited based on self-report and a positive urine toxicology test during pregnancy or immediately after birth. All study procedures were approved by the Human Investigation Committee of the Yale University School of Medicine, and all participants signed a written informed consent. Task-based fMRI activation results on this sample has been published previously (Yip et al., 2014) ; however, differences in functional connectivity were not assessed previously.
Imagery task
All adolescents participated in a well-validated imagery task (Chaplin et al., 2014; Hommer et al., 2013; Jastreboff et al., 2013; Miller et al., 1987; Potenza et al., 2012; Sinha, 2009 ) composed of 2min individualized imagery scripts of appetitive, stressful or neutralrelaxing content. Each script was based on a personal experience Abbreviations: PCE = Prenatal Cocaine Exposed Adolescents, NDE = Non-Drug Exposed Adolescents, SE = Standard Error, PTSD = Post Traumatic Stress Disorder. There are no-between group differences between the PCE and NDE groups. No LSD, Ecstasy or PCP use was reported by either group.
